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Introduction
Floating Offshore Wind Turbine is a promising innovation. Some researches show that FOWTs are cost effective and are expected to produce more energy comparing with the fixed foundation at the water depth greater than 50m [1] . Some FOWTs are built and planed in the intermediate water, where the water depth is ranged between the deep and shallow waters. In WindFloat project, a 2MW FOWT with a semisubmersible foundation was installed in 2011 at 5km offshore of Portugal, where the water depth is about 40m and the waves exceed 17 meters in height [2] . In Japan, NEDO plans to construct a 3MW FOWT with a pontoon foundation at City of Kitakyushu in a site with about 50m water depth. The wave theory is important for the design of offshore wind turbines and the nonlinearity of waves are considered for the fixed offshore wind turbines in the shallow water. Aharwal and Manuel (2011) [3] and Van Der Meulen et al. (2012) [4] applied the second order wave theory to predict the extreme and fatigue loads for the fixed foundations and compared with those by the traditional linear wave theory. Ishihara and Phuc (2007) [5] investigated the effect of nonlinear wave on the dynamic responses of a floating offshore wind turbine system and showed the dynamic responses of bending moment at 50m water depth is 1.8 times larger than these at 200m water depth. It indicated that the nonlinear waves may cause larger extreme loads in the intermediate water. However, the systematic studies of dynamic responses of FOWTs in the intermediate water are limited. The several wave theories have been proposed and used in offshore engineering [6] [7] . Airy wave theory is a common approach to produce the linear regular waves. The stream function to generate the nonlinear regular waves was first developed by Dean (1965) [8] and the numerical solution was obtained from the governing equation of velocity potential to satisfy the Laplace equation and nonlinear boundary conditions. In this study, the applicability of linear and nonlinear wave theories are investigated to predict the dynamic responses of a semisubmersible FOWT in the intermediate water. Firstly, numerical models for prediction of dynamic responses and a water tank test are presented in section 2. The predicted dynamic responses by the nonlinear wave theory are then validated by the water tank test and are discussed in the linear, weak nonlinear and strong nonlinear regions in section 3. The conclusions obtained from this study are summarised in section 4. 
Numerical models and water tank tests
Hydrodynamic models and wave theories used in this study are described in the section. The dynamic responses of 1/50 scaled FOWT employed in Fukushima FOREARD project [9] is investigated under various sea states conditions in water depths of 1.0m and used to validate the numerical models .
Hydrodynamic models
The equation of motion for the coupled simulating tower and support platform system can be written as follows: 
where V is the volume displaced by the model, the added mass coefficient a C is specified by a full matrix obtained by the potential theory and acting on the reference centre of model. The drag coefficients dik C are assumed acting on the component k of model in the i degree of freedom in Table1 according to the references[10] [11] . u , u & are the local water particle velocity and acceleration relative to the earth obtained by the wave kinematics models and will be describe in the section 2.2. The difference between the potential theory and the integrated force model is negligible if the elements in the distributed force model are small enough, and the detail was shown in the reference [12] . d C can be obtained by the same integrated form. The amplitude dependency of hydrodynamic coefficients is neglected since the effect of the nonlinear waves on dynamic responses is the main topic in this study. The software Orcaflex [13] is used for prediction of dynamic responses.
Wave theories
Two typical regular wave models representing linear and fully nonlinear waves are used in this study. Airy wave theory is the simplest wave theory for simulating linear regular wave, and the stream function represents a fully nonlinear regular wave. The elevation of linear regular wave surface can be shown as follows:
where H is the wave height, k is the wave number, and w is the frequency of wave. In the linear wave, the wave crest height is the same as the wave through depth. And linear wave kinematics is used. The elevation of nonlinear regular wave surface generated by stream function can be expressed as :
where N is the order of stream function determined by the wave parameters and water depth, n a is the unknown coefficients that can be calculated according to the boundary conditions, c is the 
Water tank test
A 1/50 scaled FOWT employed in Fukushima FOREARD project is used in the water tank test as shown in Figure 2 . The tower and nacelle is simulated by a pole with a weight of 1.42kg and set on the platform, while the detail of rotor is not considered in this model since the wind loads are not included in the water tank test. The total weight of the platform is 42.2kg and the model draft is 0.38m. In this semi-submersible FOWT, four mooring lines are connected with the three heave plates. The length of mooring line is 9.86m and the water depth is 1.0m. The fairlead is set on the heave plate and is located at 0.34m under the water surface. The wave height is measured at the front of model in the water tank test. The detail dimension of FOWT is shown in the top and side view of model in Fig. 1 (b) and (c). The mooring lines 1 and 2 are located in the upstream and the mooring lines 3 and 4 are in the downstream. The static equilibrium test in still water is conducted to confirm the initial position of the platform and the initial fairlead tension in the mooring lines. Free decay tests in surge, sway, heave, roll, pitch and yaw directions in the still water are carried out to find the natural periods of platform in each degree of freedom (DOF). Time histories of platform motions in regular waves are measured. Unidirectional waves are used in the experiment.
Cases in water tank test and simulations
The cases of the water tank tests and simulations and various wave theories [7] are shown in Figure 2 . In this study, three regions, namely, linear, week nonlinear and strong nonlinear regions are defined and dynamic responses of FOWT are considered in these regions. In the linear region, Airy wave theories and 1st order stream function are generally used. In the weak nonlinear region, Stokes's 5th and 3rd order stream function are selected in the diagram, where the nonlinearity of waves is not so strong. The strong nonlinear region is defined near the breaking waves. As the limitation of water tank test, it is difficult to generate very large wave, even FOWTs may endure such wave height in the real ocean environment. In this study, strong nonlinear waves are considered only in the simulations. The Ursell number [14] , which relates with the wave steepness parameter and shallow water parameter representing the nonlinearity of regular waves, is used to identify the nonlinearity of waves and is defined as follows: if the wave height and the wave length increase and the water depth becomes shallower. Some strong nonlinear waves cannot be generated in experiment due to the limitation of the water tank test in water depth of 1.0m. Response amplitude operators (RAO) in the regular waves are used in this study. Fast Fourier Transform is employed to transform the time series to the amplitude of response in the frequency domain, and the dimensionless amplitude normalized by the half of wave height is shown as: , B and S are the floater span and the submerged depth. The non-dimensional time histories of dynamic motion are defined as follows:
where ( )
T t correspond to the time histories of dynamic motions in surge, heave and pitch directions, and mooring tension respectively.
Results and discussions
The predicted dynamic responses by the nonlinear wave theory are validated by the water tank test. The dynamic motions predicted by the linear and nonlinear wave theories are then compared in the linear, weak nonlinear and strong nonlinear regions in order to investigate the effects of nonlinear waves.
Validation
The static equilibrium test by the numerical model is performed and the initial displacements of the floater in the water tank with a depth of 1.0m are shown in the Table 2 . It is can been seen that the initial displacements in six degrees of freedom are small and the model is balanced at the initial situation. The free decay tests in six degrees of freedom are performed for comparing the predicted natural periods of floater with the experimental data as shown in Table 3 . It is clear that differences of natural periods in the surge, heave and yaw directions are very small, while the natural periods show some differences in the sway, roll and pitch directions. These differences are due to the imperfection of experiment, especially in the sway and roll directions. may be caused by the measurement errors in the water tank test because the wave height is very low in this case. It is found that the normalized surges increase linearly as the wave period increases because the wave periods are far away from the natural period of floater. A peak appears in the heave motion as a result of resonance since the wave period is close to the heave natural period of floater. It is clear that RAOs of heave motions significantly decrease with the increase of wave height. The reason is that the nonlinear hydrodynamic force is dominant in the natural period. 
Effects of nonlinear waves on the dynamic responses of FOWT
The comparison of RAOs of dynamic motions predicted by Airy wave theory and stream function are shown in Figure 4 for various wave heights at the wave period of 2.0s. It is clear that there are no large difference between dynamic motions by the linear and nonlinear wave theories for the waves heights from 0.02m in the linear region to 0.20m in the weak nonlinear region. In the strong nonlinear region defined near the breaking wave as shown in Figure 2 , the RAOs of heave and pitch motions of the FOWT predicted by the linear wave theory are overestimated comparing with those by the nonlinear wave theory, and the overestimations become large with the increase of wave height. Furthermore, RAOs of surge motions are almost constant, while RAOs of heave and pitch motions increase with the increase of wave height at T=2.0s. The predicted RAOs of mooring tensions in mooring lines 1 and 3 by Airy wave theory and stream function are shown in Figure 5 for various wave heights at the wave period of 2.0s. The mooring tensions by linear wave theory are overestimated in the upstream side and underestimated in the downstream side, comparing with those by the nonlinear wave theory. Table 4 shows the differences between RAOs of surge, heave and pitch motions and mooring tensions predicted by the linear and nonlinear wave theories. Difference between RAOs of surge by the linear and nonlinear waves is less than 4% since the surge motions are not sensitive to the nonlinear wave effects. It is obvious that there are no differences between the dynamic motions in the linear region. However, RAOs of heave and pitch motions are overestimated by 17.6% and 24.6% if the nonlinearity of waves are not taken into account, which lead to a conservative design in the strong nonlinear region. RAOs of mooring tensions by the linear and nonlinear wave theories show no differences in the linear region, and little differences in the weak nonlinear region. In the strong nonlinear region, the linear wave theory overestimates the tension of mooring line 1 by 7.1% and underestimates that of mooring line 3 by 8.2%. To explain the effects of nonlinear wave on the dynamic responses of floater, time histories and PSD of wave elevations, dynamic responses and mooring tensions in various wave heights are shown in Figure 6 and Figure 7 in the linear, weak nonlinear and strong nonlinear regions. Ten periods of data are used for the spectrum analysis. The linear and nonlinear wave theories show the same wave elevation profile and spectrum in the linear region and result in the same dynamic responses and mooring tensions. No second order motion is excited in this region because both waves and mooring lines are linear. The dynamic motions in the surge and pitch directions in the low frequency region is caused by the motions with the natural periods of floater.
In the weak nonlinear region with a wave height of 0.20m, differences of dynamic motions are less than 3% in the surge, heave and pitch directions. The nonlinearity of wave has no much effect on dynamic responses in the region, even the crest predicted by the stream function is higher than that by Airy waves and some high order components appear in the wave elevation and mooring tension. PSD of dyanmic responses shows that the pitch motion is slightly sensetive to the nonlinear wave effects, since the second order pitch motion is observed in the weak nonlinear region. In the strong nonlinear region, the strong nonlinearity of wave is observed by comparing with wave elevations predicted by the linear and nonlinear wave theories. The nonlinear regular wave show obvious asymmety for the crest and trough and the high order components are significant. The high order components in the dynamic motions are also excited by the strong nonlinearity of mooring tensions.
The reason of overestimations of RAOs by the linear wave theory in the heave and pitch directions is that the first order component of wave elevation in the linear wave is larger than that in the linear wave. The higher order components may be important for some structures with a natural frequency in these frequency regions. The mooring tensions by Airy wave theory and the stream function have some phase differences due to the asymmetries in the wave velocity and acceleration by the stream 
